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ABSTRACT 

We present Hubble Space Telescope imaging of a newly-discovered faint stellar system, PAndAS-48, 
in the outskirts of the M31 halo. Our photometry reveals this object to be comprised of an ancient 
and very metal-poor stellar population with age > 10 Gyr and [Fe/H] < —2.3. Our inferred distance 
modulus (rn — M)^ = 24.57 ±0.11 confirms that PAndAS-48 is most likely a remote M31 satellite with 
a 3D galactocentric radius of 149lg^ kpc. We observe an apparent spread in color on the upper red 
giant branch that is larger than the photometric uncertainties should allow, and briefly explore the 
implications of this. Structurally, PAndAS-48 is diffuse, faint, and moderately flattened, with a half- 



light radius rh = 26_3 pc, integrated luminosity My = —4.8 ± 0.5, and ellipticity e = 0.30 



+0.( 
-0.15- 



On 



the size-luminosity plane it falls between the extended globular clusters seen in several nearby galaxies, 
and the recently-discovered faint dwarf satellites of the Milky Way; however, its characteristics do not 
allow us to unambiguously class it as either type of system. If PAndAS-48 is a globular cluster then it 
is the among the most elliptical, isolated, and metal-poor of any seen in the Local Group, extended or 
otherwise. Conversely, while its properties are generally consistent with those observed for the faint 
Milky Way dwarfs, it would be a factor ~ 2 — 3 smaller in spatial extent than any known counterpart 
of comparable luminosity. 

Subject headings: galaxies: individual (M31) — galaxies: dwarf — globular clusters: general — Local 
Group 



1. INTRODUCTION 

In recent years the advent of deep wide-field sky sur- 
veys has heralded the discovery of a variety of new 
and unusual diffuse stellar systems in the Local Group. 
Arguably the most significant of these are the ultra- 
faint dwarf (UFD) satellites of the Milky Way (e.g., 
IWihman et~al]l2005l : IZucker et al.ir2006l : iBelokurov et al.l 
|2007), the existence of which may have important impli- 
cations for the ^^ missing: satellites" p roblem of ACDM 
cosmology (e.g., iKoposov et al.l l2009f ). These objects 
have luminosities as low as My ^ —1.5, and, with char- 
acteristic radn_coimnx3nl^^ 25 — 100 
pc (e.g.. iMartin et al.l [20081 : iSand et ani2012f ). physical 
sizes that are substantially smaller than those of classi- 
cal dwarf spheroidal galaxies and which in some cases 
approach the globular cluster (GC) regime. 

UFDs have two key characteristics distinguishing them 
as galaxies. First, although analysis of their internal 
kinematics is fraught with complexity due to, for ex- 

^ Based on observations made with the NASA/ESA Hubble 
Space Telescope, obtained at the Space Telescope Science Insti- 
tute (STScI), which is operated by the Association of Universi- 
ties for Research in Astronomy, Inc., under NASA contract NAS 
5-26555. These observations are associated with program GO 
12515. 



ample, the presence of bin ary stars and the effects of 
external tidal for ces (e.g., iMcConnachie fc Cot el I201QI : 
iSimon et al.l l2011f ). radial velocity observations consis- 
tently imply mass-to-light ratios as high as a few thou- 
sand (e.g., Martin et al. 2007; Simon & Geha 2007). Sec- 
ond, their constituent stellar populations (i) are an- 
cient, and very ni e tal poor with ([Fe/ H]) < —2.2 (e.g., 
iKirbv et al.l 120111 : iBrown et all 1201 21 ): (ii) frequently 
exhibit substantial internal dispersions i n iron abun- 
danc e of up to ^ 0.6 — 0.7 dex (e.g., iMartin et al.l 
120071 : iKirbv et al.l 120081 ): and (iii) sometimes include 
extre mely metal poor members with [Fe/H] < —3 
(e.g., iNorris et al.ll201Qh . UFDs apparently extend the 
metallicity-luminosit y relation seen fo r classical Milky 
Way satellites (e.g.. JKirbv et al.ll2011f ). suggesting that 
they are not the stripped remnants of once-larger pro- 
genitors (see also Leaman 2012). 

A second recently-discovered class of diffuse stel- 
lar systems is that of the s o-called "extended clus- 
ters" (ECs; iHuxor et al"]l2005D . These provoked inter- 
est because the first luminous examples appeared iso- 
lated on the size-luminosity plane, encroaching upon 
the empty region separating GCs from dwarf galax- 
ies. However subsequent work uncovered many fainter 
ECs in M31 (jHuxor et al.ll2008f ) and other Local Group 
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Figure 1. Left panels: PA-48 discovery images, V on a side, in the CFH T/M egaCam g- and i-bands. Right panel: Our 30^^ x 30^^ 
drizzled F606W ACS/WFC image of PA-48. Star-A and star-C from Section |3. II are circled in red; star-B in blue. North is to the top and 
east to the left in all images. 



galaxies (iStonkute et ani2QQ8l : iHuxor et alJ[2QQl I2Q13I : 
iHwang et al.ll2Qllf ). and these fill out a region on the 
plane with —8 < My ^ —5 and r/^ ^ 15 — 35 pc that 
overlaps substantiall y with the most diffuse GCs seen 
in the Milky Way (jHuxor et al J 12011). Alo ng wit h re- 
fined structural measurements (jTanvir et aI]l2Q12f ) and 
resolved pho tometry precludin g; large internal spreads 
in [Fe/H] (M ackev et all I2QQ6D . this suggests that ECs 
most hkely represent the upp er tail of the globular clus- 
ter size distribution (see also iDa Costa et alJ l2QQ9V It 
remains to be convincingly demonstrated kinematically 
that ECs need no t contain any dark matter component 
(e.g., iCollins eriil.. .2009). but they nonetheless appar- 
ently stand clearly distinct from UFDs despite their close 
proximity on the size-luminosity plane. 

M31 is an excellent location for studying a wide variety 
of stellar systems, as it p ossesses many more dwarf satel- 
lites (e.g.,.McConnachie|[2Q12.) and globular clusters (e.g., 
iGalleti et aT]l2QQ4[ ) than does the Milky Way. Recently 
we have conduct ed the Pan-Andromeda A rchaeological 
Survey (PAndAS:!l McConnachie et al.ll2QQ9f ). imaging the 
M31 halo to a projected galactocentric distance of Rp ^ 
150 kpc with CFHT/MegaCam and facilitating the first 
detailed characterization of this region and the star clus- 
ters and dwarf galaxies that inhabit it (e.g.JHuxor et al.l 
I2QQ8I : iMcConnachie et al.ll2QQ8l : [Richardson et al.ll2Qll[ ). 

One of the most intriguing of our discoveries is 
PAndAS-48 (PA-48), at a = 00h59"^28!3, 6 = 
+31°29'10V6 (J2000), which we uncovered during our 
search for remote globular clusters in M31 (Huxor et al. 
2013, in prep.). This is a very faint stellar system with 
Mv « -4.7 lying at Rp = 141 kpc. The PAndAS discov- 
ery images (Figure [1]) reveal a notably elongated object 
with a very diffuse structure. In this Letter we present 



deep Hubble Space Telescope (HST) follow-up imaging of 
PA-48 and show that, unusually, it possesses character- 
istics that do not allow it to be unambiguously classified 
as either an extended cluster or a faint dwarf galaxy. 

2. OBSERVATIONS AND DATA ANALYSIS 

We observed PA-48 with the Wide Field Channel 
(WFC) of the Advanced Camera for Surveys (ACS) 
aboard HST on 2011 November 3 as part of program 
GO 12515 (PI: Mackey). The object was imaged three 
times in both the F606W and F814W filters, with smah 
dithers between exposures. Integration times were 799s 
for F606W frames and 845s for F814W frames. 

We obtained the reduced data from the HST 
archive. The CALACS pipeline now includes a pixel- 
based charge-transfer e fficiency (CTE) correction (e.g., 
Anderson & Bedin 2010) as well as improved corrections 
for effects introduced by the ACS electronics. In the right 
panel of Figure [T] we display the drizzled, CTE-corrected 
F606W image of PA-48. The object is fully resolved, 
and we confirm it as a faint, low surface brightness stel- 
lar system with an extended structure; the apparently 
elongated morphology persists. 

We photometered our images us ing v2.Q of th e 
DOLPHOT photometry software (jDolphinI |200Q[ ). 
DOLPHOT performs point-spread function (PSF) 
fitting using model PSFs especially tailored to the 
ACS/WFC camera. The software provides a variety 
of photometric quality parameters for each detection. 
We selected those objects classified as stellar, with 
valid photometry in all six input images, a global 
sharpness parameter between ±0.1 in each filter, and a 
crowding parameter < 0.08 mag in each filter. Our final 
photo metry is on the calibrated VEGAMAG scale of 
■Sirianni et al.l (2005.) . 



A peculiar satellite in the outer halo of M31 







1 1 1 1 1 1 1 1 1 1 1 


III 




22 


- 


PAndAS-48 




- 




- 


(r ^ 20") . . : 




- 






• 
• 






24 


- 


# 




'- 




- 


,".y 


•— . 


- 


26 


- 


• 
• • •• 

• • ••• 


— . 


- 




1 


28 






- 


1 1 1 1 1 1 1 1 1 1 1 


III 


1 1 





1 1 1 1 1 1 1 1 1 1 1 


1 1 1 1 1 


_ 


22 


- PA-48 vs. M92 


/ 


- 




(m-M)o = 24.57 • S 


f 


- 




E(B-V) = 0.076 / 






- 




22.4 


/a 


24 


/ 




'• 7 


- 






22.6 
22.8 
23.0 


7c 


- 


26 


- .^"'** . y- 




""'"*"■■■•■■-•' *T« •• 


23.2 


[3 / 


- 


28 


1 1 1 1 1 1 1 1 1 1 1 


• 23.4 


/ ^ 


- 




1 1 


0.8 0.9 1.0 

III 



0.5 



1.5 



0.5 



1.5 



Figure 2. Left panel: Our ACS/WFC CMD for PA-48. Field stars more than 50^^ away from the cluster center are marked with small 
magenta points. The dotted line is our 50% completeness level. Right panel: The PA-48 CMD with registered M92 fiducial and HB. The 
inset shows stars on the upper RGB with individual Icr, 2cr, and 3cr photometric uncertainties. The five brightest stars are labelled A-E. 



We assessed the photometric uncertainties and detec- 
tion completeness by performing artificial star tests. For 
each real star we randomly generated 500 artificial stars 
of the same brightness but with positions uniformly dis- 
tributed within a radius \" <r < h" of its coordinates. 
DOLPHOT adds a single artificial star at a time to the im- 
ages and then attempts to measure it. We filtered the re- 
sults according to the photometric quality parameters as 
described above, and for each real star (i) assigned a de- 
tection completeness by comparing the number of recov- 
ered objects with the number submitted; and (ii) charac- 
terised the photometric uncertainties by examining the 
scatter in the differences between the input and measured 
magnitudes of the artificial stars. Our 50% completeness 
level is at TTipeoew = 27.5 and mF8i4W = 26.8, where the 
uncertainties are typically ±0.1 mag in both filters. 

3. RESULTS 
3.1. Color-magnitude diagram 

Figure [2] shows our color-magnitude diagram (CMD) 
for PA-48. We observe a steep red giant branch (RGB) 
and a blue horizontal branch (HB), characteristic of the 
ancient (> 10 Gyr old) stellar populations seen in both 
GCs and low-luminosity dwarfs. At the top of the RGB 
there is the suggestion of a spread in color that is larger 
than the photometric uncertainties should allow; we dis- 
cuss this in more detail below. 

To obtain a photometric metallicity estimate for PA- 
48 we aligned de-re ddened globular cluster fiducials from 
iBrown et al.l (I2Q05I), followin g the procedures described 
in' Mackev et al.l (J2006L 12007^. Briefiy, we registered the 
fiducials using the observed level of the HB and the color 
of the RGB at the HB level. The metallicity sets the 
curvature of the upper RGB. Because PA-48 is in the 
remote halo of M31, it may not lie at the same distance 
as the galaxy's center. For each fiducial we therefore 
tested distance moduli in a range ±0.5 mag about the 
usual (m - M)o = 24.47 for M31. At given (m - M)o we 
calculated the foreground extinction necessary to align 



the HB levels of the CMD and the reference fiducial. This 
in turn allowed us to calculate the offset in color between 
the CMD and fiducial RGB sequences at the HB level. 
The best combination of {m — M)o and E{B — V) for a 
given fiducial was that which minimised this offset. We 
then examined how closely the shapes of the CMD and 
fiducial RGB sequences matched. 

The most metal-poor cluster in the Brown et al. (2005) 
sample - M92, with [Fe/H] ^ -2.3 fsee Harris 1996 . 2012 
update) - provides an excellent fit to the shape of the red 
side of the PA-48 RGB. This suggests that PA-48 is at 
least as metal-poor as M92. The implied distance modu- 
lus and foreground reddening are {m—M)o = 24.57±0.11 
and E{B — V) = 0.08 ± 0.01, where the un certainties are 
calculated a ccording to the prescription of iMackev et al.l 
(|2006l 120071 ). Our reddening estin iate is in good agree- 
ment with that predicted by the iSchlegel et al.l (|1998f ) 
maps, E{B — V) = 0.066, while our distance modulus 
strongly suggests PA-48 is a member of the M31 sys- 
tem - it sits at 820^4^ kpc, implying a 3D galactocentric 
radius of 149^8^ kpc. The PA-48 HB does not extend 
bluewards as far as that of M92. We measure a HB- 
index {B — R)/{B -\-V -\- R) ^ 0.6, which may indicate a 
mild second-parameter effect. 

The inset to Figure [2] highlights the fact that stars on 
the upper RGB of PA-48 span a range in color larger than 
would be expected if considering only the photometric 
uncertainties. The registered M92 fiducial suggests that 
this is driven predominantly by the bluest, and second 
brightest, of the three most luminous RGB stars (here- 
after star-B). Given the potential importance of an RGB 
color spread, we consider several possibilities that might 
explain the observed position of star-B on the CMD: 

1. Non-member. Local foreground contamination is 
moderate - we find 22 stars further than 20^' from the 
PA-48 center that are at least as bright as its upper RGB 
(mF606W ^ 23.5; Figure [2]). However, star-B lies well 
within the half-light radius of r/^ ^ 6.&^ (see below). The 
probability that a non-member should fall both within rh 
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Figure 3. Left panel: The PA-48 CMD with registered Dartmouth isochrones as labelled. Both have [a/Fe] = +0.4. For clarity only 
the HB for the [Fe/H] = —2.5 model is plotted. Right panel: Registered isochrones showing the effects of an internal age dispersion. The 
first two models have [Fe/H] = -2.3 and [a/Fe] = +0.4; the third "chemically evolved" model has [Fe/H] = -1.9 and [a/Fe] = +0.2 



and close to the RGB is very sraall. The area within Vh is 
0.34% of the WFC field-of-view, while the vicinity of the 
RGB is, generously, ?^ y2 ^^ ^^^ ^^^^ ^^ ^^^ CMD occu- 
pied by stars with mpeQew ^ 23.5. Assuming field stars 
are uniformly distributed on the CCD and the CIVID, the 
chance of one or more falling both within r^ and close to 
the RGB from 23 trials is just 0.68%. Hence it is very 
likely that star-B is a member of PA-48. 

2. An internal dispersion in [Fe/H\ or age. In prin- 
ciple, an internal dispersion in [Fe/H] ought to trans- 
late into a color spread on the upper RGB, with star- 
B's blue mF606W — ^^F814W magnitude indicating a lower 
abundance than for star- A and star-C. However, stel- 
lar evolution models generally indicate that at fixed lu- 
minosity the RGB temperature and, hence, broadband 
color will asymptote to a certain value with decreasing 
metallicity. To test the sensitivity of mpeoew — ^F814W 
color at low [Fe/H] we use isochrones from the Dart- 
mouth Stellar Evolution Database (Dotter et al. 2008). 
In Figure [3] we plot models with [Fe/H] = —2.3 and 
—2.5, and [a/Fe] = +0.4. There is a noticeable shift to 
the blue with decreasing abundance, but not sufficiently 
large to match star-B 's color. We further computed Dart- 
mouth evolutionary tracks at O.8M0 and [a/Fe] = +0.4 
for [Fe/H] = -2.5, -3.0, and -3.5. On the upper 
RGB at a luminosity consistent with that of star-B these 
three models differ in F606W— F814W color by no more 
than 0.01 mag. Thus, under the assumption of con- 
stant [a/Fe], it is unlikely that star-B 's position on the 
CMD is due to it having a much lower [Fe/H] than the 
bulk of the other stars. However, the insensitivity of 
^^F606W — ^^F8i4W color to [Fe/H] at very low abundances 
also means that we cannot rule out a moderate internal 
metallicity dispersion in general. 

A complicating factor is that our photometry does 
not reach the ~ 13 Gyr main-sequence turn-off; we can 
only exclude the presence of populations younger than 
^ 4 Gyr (Figure [3]). Decreasing age at fixed composi- 
tion moves the RGB to the blue; 4 Gyr old stars might 



nearly match the position of star-B. Mild chemical evo- 
lution with age could also be accommodated - as an ex- 
ample we plot a 4 Gyr model with [Fe/H] = —1.9 and 
[a/Fe] = +0.2. 

3. Asymptotic giant branch (AGB) star. The time a 
low-mass star spends ascending the AGB (i.e., before the 
thermally-pulsating phase) is ~ 10% of the time it spends 
in the core He-burning phase. Thus we may expect to 
find roughly one AGB star for every ten HB stars in 
the CMD. In PA-48 we observe - 17-20 HB stars, 
consistent with the possibility that star-B is an AGB 
star. Even so, this object is substantially bluer than 
all AGB stars visible at comparable brightness in the 
well-popul ated C MDs for metal-poor M31 ECs presented 
by Macke v et al.l ([2006), which tend to lie much closer 
to the RGB. It is hence difficult to conclusively assess 
the viability of this suggestion with only the presently- 
available data; however, in our opinion it remains the 
most likely option. 

3.2. Structure & luminosity 

To quantify the structure of PA-48 we util ised the max- 
i mum likelihood algorithm developed by iMartin et al.l 
()2008f ) to study low-luminosity stellar systems. This 
technique provides robust estimates and uncertainties for 
parameters such as the half-light radius and ellipticity of 
an object from resolved photometry. Our results are dis- 
played in Figure HI The algorithm converges on a unique 
likelihood maximum, revealing that PA-48 is indeed a 

o.soint 



moderately elliptical extended object with 



and rh = 6.6 



-0.8 



26_3 pc. The uncertainties repre- 



sent l<j confidence limits; note there is an additional ±1 
pc uncertaintiy in rh due to the error in our line-of-sight 
distance. 

Huxor et al. (2013, in prep.) estimate My ^ —4.7 for 
PA-48 from surface photometry of the discovery images. 
With our resolved measurements we are able to integrate 
to a larger radius and use a CMD filter to better remove 
contaminants. The completeness-corrected luminosity 
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Figure 4. Upper panel: Radial surface density profile for PA- 
48, where the points are the stellar density measured in elliptical 
annuli and the line represents the best-fitting model found using the 
algorithm of Martin et al. (2008). Lower panels: Marginalized 
posterior probability distribution functions for the ellipticity and 
half-light radius of PA-48. The most likely values are indicated 
with a dashed line; la uncertainties are marked with dotted lines. 

we obtain by adding all members down to mpeoew = 27.5 
and within 30^' of the center is My = —4.3. Experimen- 
tation with population synthesis models suggests that 
for a Kroupa (2001) mass function ^ 65% of the total 
luminosity of the system is in cluded to our faint limit, 
implying My ^ -4.8. As per iMartin et al.l (|2008), un- 
certainties in the total luminosity for systems this faint 
are dominated by CMD shot noise at a level ±0.5 mag. 

4. DISCUSSION 

PA-48 is an unusual M31 satellite that is not easily 
classified. Structurally it is similar to the faint dwarf 
companions of the Milky Way as well as the ECs seen 
around some galaxies in the Local Group. Intriguingly, 
however, a number of its other characteristics would 
make it an atypical example of either type of object. 
To illustrate this point, in Figure [5] we plot a variety of 
stellar systems on the size-luminosity plane, color-coded 
by ellipticity. Assessed purely in terms of rh and My, 
PA-48 appears most akin to the lowest-luminosity Local 
Group ECs. Although the faintest Milky Way UFDs are 
of very similar size to PA-48, dwarfs of comparable lumi- 
nosity to PA-48 have scale radii typically ~ 2 — 3 times 
larger. 

That said, PA-48 appears substantially more elliptical 
than any Galactic globular cluster measured to date, ex- 
tended or otherwise, as well as almost all Local Group 
GCs for which reliable meas urements are available (Fig- 
ure 6 in iHuxor et al.|[2013f ). However, it lies comfort- 
ably within the range of ellipti c ities exhibited by faint 
dwarfs fe.g.. IMartin et al]l2008l : ISand et al.ll2Q12[ i. Un- 
fortunately, few of the low- luminosity diffuse Milky Way 



globular clus ters have ellipticity measurements in the 
iHarrisI (| 19961) catalogue. To at tempt a fairer comparison, 
we ran the 'Ma rtin et al.l (|2008[ ) software qnourif ST pho- 
tometry of M31 ECs - three from Macke v et all (2006)0, 
and three from the present program, yet unpublisheq^ . 
These span luminosities — 7.7 < My < —5.3 and pro- 
jected galactocentric radii 15 < i?p < 115 kpc. Our 
results are consistent with the assessment above. Five of 
the six M31 ECs have e < 0.1 with typical uncertainties 
of ±0.08, while one (PA-50) has e = 0.20 ± 0.07, com- 
mensurate with the most highly flattened Galactic GCs. 
If PA-48 is a cluster then it would also be among 
the most isolated such objects seen in the Local Group 

- just one GC of any kind (MGCl in M31) is known 
with a larger 3D radius. This appears at odds with 
its unusually high ellipticity. One might expect that a 
low-luminosity star cluster with high ellipticity is being 
tidally disturbed; however we have strong evidence from 
MGCl that tidal forces are ex ceedingly benign at such 
large galactocentric distances (|Mackev et al.ll2QTQl ). It 
may be that PA-48 is on a highly eccentric orbit about 
M31 and so suffered a disruptive but non- fatal tidal shock 
some Gyr ago. A radial velocity measurement and or- 
bital modelling will be necessary to determine if this is a 
viable solution. 

As noted above, if PA-48 is a low-luminosity dwarf 
then it is unusually small in terms of its spatial extent. 
Comparable systems are observed (Willman 1; Segue 1 
& 2) but these are ~ 2 — 3 mag fainter than PA-48. 
Although the luminosities of such objects can fluctuate 
substantially with the evolution of their brightest few 
stars, it is very unlike ly they could get as bright as PA- 
48 (or vice versa, see IMartin et al.l 12008): however, the 
distinction between these systems may not be as great as 
it appears on Figure [5l Furthermore, only a handful of 
dwarf galaxies fainter than My = — 5 are known and it is 
easy to speculate that perhaps the size-luminosity plane 
is simply not yet sufficiently well sampled to accurately 
assess how unusual PA-48 would be in this regard. For 
dwarf galaxies with My ^ — 8, where completeness is less 
of an issue, there is nearly an order of magnitude spread 
in Th at given luminosity (e.g., McC onnachie_.2012.) . 

A key alternative characteristic defining faint dwarfs 
is an internal spread in [Fe/H]. Unfortunately, we are 
not able to constrain this possibility for PA-48 given its 
very metal -poor n ature and our choice of broadband fil- 
ters. Kirb v et all (2011) have shown that UFDs follow 
the same metallicity-luminosity relation as do the more 
massive Galactic satellites (their Figure 3). Intriguingly, 
with ([Fe/H]) < -2.3 and log(L/L0) ^ 3.8, PA-48 fits 
closely with this relationship. If PA-48 is a dwarf galaxy 
then it would be the faintest known example outside the 
Milky Way. Its isolation would reinforce the possibility 
that the faintest Galactic UFDs could well exist out to 
comparable distances, and not be shaped through their 
interactions with their host. 

Finally, it is relevant that PA-48 lies within the thin 
plane of corota ting M31 dwarf galaxies recently identified 
by Iba ta et al] (2013) (see also Conn et al. 2013). In this 
context, knowledge of its radial velocity would be helpful 

- if PA-48 is a true member of this plane of satellites 

^ We excluded EC3 = HEC4 due to heavy field contamination. 
3 PA-2, PA-12, and PA-50. 
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Figure 5. Lumi nosity versus size for a variety of stellar systems in the Local Group, color-coded by ellipticity. Filled circles are Galactic 
globular clusters CHarri^ll996); those with no ellipticity measurement are marked in black. Filled (empty) squares are Galactic (M31) 
dwarf satellites ( McConnachie 2012), while circled triangles are M31 ECs (this work). The grey shaded region denotes the approximate 
area occupied by ECs observed in various Local Group galaxies (e.g., Huxor et al. 2011 ). PA-48 is marked with a circled star. 



(PoS) then we expect its velocity to be more negative 
than the M31 systemic velocity. One might suspect that 
membership of the M31 PoS would cement PA-48 's status 
as a dwarf galaxy, but this is not clear cut. We do not 
observe any evidenc e for M31 GC s being associated with 
the plane; however, iKeller et al.l ([2012) argue that outer 
halo Milky Way GCs are members of the Galactic PoS 
defined by, e.g., Metz et al. (2009 ). 

ADM and GFL are grateful for support from the Aus- 
tralian Research Council (Discovery Projects DP1093431 
& DP110100678, and Future Fellowship FT100100268). 

Facilities: HST. 

REFERENCES 



Anderson, J., & Bedin, L. R. 2010, PASP, 122, 1035 
Belokurov, V., et al. 2007, ApJ, 654, 897 
Brown, T. M., et al. 2005, A J, 130, 1693 
Brown, T. M., et al. 2012, ApJ, 753, L21 

Collins, M. L. M., et al. 2009, MNRAS, 396, 1619 

Conn A. R., et al. 2013, ApJ, in press (arXiv:1301.TT3Tl) 
Da Costa, G. S., Grebel, E. K., Jerjen, H., Rejkuba, M., & 

Sharina, M. E. 2009, AJ, 137, 4361 
Dolphin, A. E. 2000, PASP, 112, 1383 
Dotter, A., Chaboyer, B., Jevemovic, D., Kostov, V., Baron, E., 

& Ferguson, J. W. 2008, ApJS, 178, 89 
Galleti, S., Federici, L., Bellazzini, M., Fusi Pecci, F., &; Macrina, 

S. 2004, A&A, 416, 917 
Harris, W. E. 1996, AJ, 112, 1487 
Huxor, A. P., Tanvir, N. R., Irwin, M. J., Ibata, R., Collett, J. L., 

Ferguson, A. M. N., Bridges, T., & Lewis G. F. 2005, MNRAS, 

360, 1007 
Huxor, A. P., Tanvir, N. R., Ferguson, A. M. N., Irwin, M. J., 

Ibata, R. A., Bridges, T., &; Lewis, G. F. 2008, MNRAS, 385, 

1989 



Ibata, R. 


A 


Keller, S. 


C 


Kirby, E. 


N 


Frebel, 


A 


Kirby, E. 


N 



Huxor, A. P., Ferguson, A. M. N., Barker, M. K., Tanvir, N. R., 

Irwin, M. J., Chapman, S. C, Ibata, R., & Lewis, G. 2009, 

ApJ, 698, L77 
Huxor, A. P., et al. 2011, MNRAS, 414, 770 
Huxor, A. P., Ferguson, A. M. N., Veljanoski, J., Mackey, A. D., 

&; Tanvir, N. R. 2013, MNRAS, 429, 1039 
Hwang, N., Lee, M. G., Lee, J. C, Park, W.-K., Park, H. S., Kim, 

S. C, &; Park, J.-H. 2011, ApJ, 738, 58 
, et al. 2013, Nature, 493, 62 

, Mackey, A. D., & Da Costa, G. S. 2012, ApJ, 744, 57 
, Simon, J. D., Geha, M., Guhathakurta, P., &: 
2008, ApJ, 682, 1217 
, Lanfranchi, G. A., Simon, J. D., Cohen, J. G., &; 

Guhathakurta, P. 2011, ApJ, 727, 78 
Koposov, S. E., Yoo, J., Rix, H.-W., Weinberg, D. H., Maccio, A. 

v., & Escude, J. M. 2009, ApJ, 696, 2179 
Kroupa, P. 2001, MNRAS, 322, 231 
Leaman, R. 2012, AJ, 144, 183 
Mackey, A. D., et al. 2006, ApJ, 653, L105 
Mackey, A. D., et al. 2007, ApJ, 655, L85 
Mackey, A. D., et al. 2010, MNRAS, 401, 533 
Martin, N. F., Ibata, R. A., Chapman, S. C, Irwin, M., &; Lewis, 

G. F. 2007, MNRAS, 380, 281 
Martin, N. F., de Jong, J. T. A., & Rix, H.-W. 2008, ApJ, 684, 

1075 
McConnachie, A. W., et al. 2008, ApJ, 688 1009 
McConnachie, A. W., et al. 2009, Nature, 461, 66 
McConnachie, A. W., & Cote, P. 2010, ApJ, 722, L209 
McConnachie, A. W. 2012, AJ, 144, 4 

Metz, M., Kroupa, P., & Jerjen, H. 2009, MNRAS, 394, 2223 
Norris, J. E., Yong, D., Gilmore, G. F., &; Wyse, R. F. G. 2010, 

ApJ, 711, 350 
Richardson, J. C, et al. 2011, ApJ, 732, 76 
Sand, D. J., Strader, J., Willman, B., Zaritsky, D., McLeod, B., 

Caldwell, N., Seth, A., &; Olszewski, E. 2012, ApJ, 756, 79 
Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 500, 

525 
Simon, J. D., &; Geha, M. 2007, ApJ, 670, 313 
Simon, J. D., et al. 2011, ApJ, 733, 46 
Sirianni, M., et al. 2005, PASP, 117, 1049 



A peculiar satellite in the outer halo of M31 

Stonkute, R., et al. 2008, A J, 135, 1482 Willman, B., et al. 2005, A J, 129, 2692 

Tanvir, N. R., et al. 2012, MNRAS, 422, 162 Zucker, D. B., et al. 2006, ApJ, 650, L41 



